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Statement of the Problem Studied
Techniques had been developed to analyze and design hybrid optical and digital processing imaging systems that have an extended depth of field. However, there was a need for analysis and design tools in imaging systems that attempt to reduce the depth of field or provide passive ranging by range gating an image. Range gating of an image would be of great image in passive imaging systems where the information not of interest -that outside of the plane of interest -would not corrupt the slice of the image of interest.
Summary of Most Important Results

Research during the period
All of the imaging systems considered in this research involved optical image acquisition and digital signal processing. The systems were jointly designed, so that the signal processing and the shape of a phase plate to be placed in the aperture stop were designed so that the impact of one on the other was taken into consideration.
The work early during the period of this grant centered on a technique that is analogous to range detection in radar. Previous work was similar to range estimation. In the previous work, multiple objects in the field of regard caused errors in the range. The work on range detection allowed the determination of the ranges of several objects in the field or regard. This was done by modifying the optics so that the modulation transfer function (MTF) had a peak that moved with the distance to the object. This work used design tools that work in the spatial frequency domain. The validity of the approach was confirmed in both simulations and experiments. This work is described in the paper with Johnson and Dowski.
The work during the second phase of the report period concentrated on design tools that work in the spatial domain. That is, the design was on the point spread function (PSF), not the MTF. New design tools were developed, and a new metric to quantify the blurring of the defocused image. We chose the angle in Hilbert space between a defocused PSF and the in-focus PSF. This metric was used in the design of a phase plate to maximize the differences between the in-focus and out-of-focus PSFs. Simulations showed that the rate of change of the PSF with misfocus was doubled in comparison with a conventional imaging system. This work is described in the paper with Sherif Sherif, and in his dissertation.
In the latter period, an information theory approach was used, and the orthogonality of the images was considered. This work led to special forms of structured illumination that can be used to reduce the depth of field of an imaging system. This work is described in the attached report.
Introduction
For a hybrid imaging system, where post-processing algorithms operate with custom optics, the desired image does not need to be perfectly reconstructed on the surface of the sensor array-but the information content of the image does need to be preserved. When this concept is applied to a reduced depth of field, we can understand that the information of the desired object plane must be preserved (although rearranged) and that the information from all other planes must be maximally removable from the information about the desired object plane. Having established this need for separability, we can use the orthogonality of the signals (or intensity distributions) to evaluate how separate each interfering signal is from the desired signal. This aspect of the study established limits regarding signal orthogonality when passed through linear systems, examined the relationship between separation distance and energy spreading, and then demonstrated how structured illumination could be used as a tradeoff to increase the energy spreading of undesired signals.
OA OB Figure 1 Schematic of an image formed by passing light through a single system from two objects at din^erent distances.
Induced Orthogonality
We explored induced orthogonality-increasing signal seperability relative to other signals within the system-in a linear system, as illustrated in Fig. 1 . One object is in a position to be imaged in the focal plane and another is in a more distant plane. By exploring the standard equations and treating each image as a separate input to the system, we have shown that, for a linear system using incoherent light, induced orthogonality without loss of the desired signal is bounded by the correlation between the desired signal at the object plane and the interfering signal at the object plane. Once the interference signal is propagated to the in focus object plane, the two signals become inseparable-linearly combining as a single signal. Only if the two signals were spatially separable (did not overlap either in space or in spatial frequency) within the object plane can the signals be divided and extracted by signal processing. Many times, this signal processing is dependent on the human vision system for pattern recognition.
The relationships that indicate inseparable signals in the previous paragraph do not preclude the removal of a large portion of the interfering signal with some loss to the desired signal, but that aspect of has yet to be explored. Any solution that preserves the information content of a desired signal while dramatically reducing the information in another plane must incorporate processes that are non-linear with respect to spatial frequencies -such as a high numerical aperture.
Information Content
Once it was understood that the input signal separation limits performance, it became important to understand how the information content of signals changes with propagation. This will allow us to understand the transition of energy from the-out-offocus object plane to the in-focus object plane-a phenomena that is ultimately the only way for the interfering out-of-focus-signal to be modified. The decrease in the energy density of a uniformly illuminated object is illustrated Fig. 2 . As the undesired object is spatially separated from the desired object, the signal due to the undesired object will change according to this plot. When exploring the presence of information and our ability to capture that information, it is important to keep the uncertainty principle in mind 0. For a given piece of optical information, we can know its spatial and temporal properties to within the following constraints:
AxAf^AyAfyAzAf^AtAv & 1 To some extent, these properties may be ti-aded-increasing axial resolution (Az) at the expense of ti-ansverse resolution (Ax or Ay), for example. System properties such as the numerical aperture enforce limits on tiie ti-ansverse frequencies (A/, and A/ ), while the wave nature of light consti-ains the values for Af^, Ay, and Ac. Manipulations of the equation result in a tradeoff between tiie classical axial resolution and the temporal resolution [8] .
Aza , % (NA; AtAv Although this concept for ti-ading information is interesting, the equation says nothing as to the best way to trade the information.
Structured Illumination
Having established that it is impossible for a linear imaging system to increase signal orthogonality, as described in the previous section, we began to search for ways to make the signals orthogonal before they enter the imaging system. We realized that the only way to induce orthogonality onto the signal was through controlled illumination and signal recombination. The idea explored here theorized that taking n images with the desired object illuminated by one of n ortiiogonal patterns spanning the 2-D space (such as those described by Chung [1] ) would add tiie higher spatial frequencies necessary for energy spreading witii propagation. As long as the illuminating patterns are an ortiiogonal spanning set of the 2-D signal space, the signal may be reconstiiicted from multiple images. One example of stiiictured illumination is shown in Fig. 3 for a random phase illumination while the energy spreading relative to a uniform illumination is compared in gratings, and follow the same post-processing method of additive recombination of the images illuminated by the orthogonal patterns [2] . Future studies into rotating beam patterns, such as those by Piestun [8] , as the illumination source will undoubtedly add additional orthogonality-reducing the depth of field. A system could be created where the object is illuminated with a point-spread function (PSF) that achieves orthogonality with itself through propagation. Since the PSF at one distance may be spatially orthogonal (or, at least, more separable) from the PSF at another distance, the energy from the out of focus plane will be shifted to occupy different spatial regions. This means that an image of the object not in the focal plane will be made from pixels that are in separate locations than the image from the desired object. With knowledge of the illuminating beam, the energy from the out of focus object may simply be removed from the system. By building up the image as a linear sum of these separable illuminations, the image could be constructed with a reduced depth of field.
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If you prefer to receive the newsletter in the printed format, but want to send your correct e-mail address for our database, include the wordsprint version preferred in the body of your message. The depth of field of an imaging system can be increased if the optics are modified and some signal processing is done.' Figure 1(a) shows an example where the objects are diatoms viewed under I OOx optical magnification with a numerical aperture of 1.3. Consequently, the depth of field of the system is very small as seen in Figure 1(a) . After coding the wavefront to extend the depth of field and doing some signal processing, the image of Figure 1(b) is obtained. This shows an increase in the depth of field by about an order of magnitude. How is this possible? We use a technique that is very unlikely to have been discovered using conventional lens design techniques. It was found by using Woodward's ambiguity function and analogies with radar. However, after a means of coding the wavefront was developed, using a special optical element, it is possible to use a ray Uace to see how it works.
One optical element that can extend the depth of field by coding the wavefront produces an optical path difference that varies as jr* -f y'. An element such as this is placed in the aperture stop of the imaging system. After this modification, the rays of the coded wavefront do not focus. They are spread so that a cross-section of the rays changes very little with misfocus. Figure 2 shows the two-dimensional point spread functions for a normal system and one with a coded wavefront. Figure 2(a) shows an in-focus point spread function (PSF) and Figure 2(b) shows the out-offocus PSF for a normal system. Figures 2(c) and (d) show that the PSFs for an imaging system with a coded wavefront change very little for the same misfocus. The PSFs of Figure 2 (c) and (d) cause the intermediate image that is formed with the modified optics to appear blurred. This is because the object distribution is convolved with the PSF to obtain the image. After signal processing to decode the intermediate image, the PSF of the system with a coded wavefront appears as sharp as the one of Figure 2(a) . Consequently, it is possible to obtain an image such as the one shown in Figure 1(a) by modifying the optics and performing signal processing.
What is the cost? In addition to the increased signal processing, there is a reduction in the signal-to-noise ratio (S/N) in the final image. From the point of view of a 3D modulation transfer function (MTF), there is a fixed amount of signal that can either be concentrated in the normal focal plane, or spread over a region about that plane.-"* If spread about, the level of the MTF in the focal plane must drop. Hence, there is a loss of S/N in the mid range of spatial frequencies, compared to the case of in-focus images with a conventional imaging system. Other forms of phase plates continued on p. 8 
Coding the wavefront
continued from cover to do the coding cause a smaller loss in S/N, but there is always some loss, which is dependent on the amount by which the depth of field is increased. The effect of this loss is highly dependent on the dynamic range of the camera being used.
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